Static and dynamic tests to failure were performed on 205 reinforced and plain concrete columns with slenderness ratios (Ljt) from 3 to 25, under concentric and eccentric loads.
II WHEN DESIGNING A column to withst,and a dynamic load, it may be necessary to determine both the inertial forces in the column and the change in mechanical properties of the material. For the case of reinforced concrete columns these two phenomena are interrelated, and may be studied through the dynamic tests of actual columns.
The effect of strain rate on the properties of concrete has been investigated, for example, by Watstein. 1 McHenry and Shideler 2 have presented a summary of these tests. The dynamic properties of metals have been studied by Clark 3 and Smith, 4 among others. Holley 5 presents curves showing the approximate variation of concrete strength and reinforcing steel yield stress with strain rate. The purpose of the present study is to extend this knowledge to the design of actual reinforced concrete columns.
TEST SPECIMENS
A total of 205 plain and reinforced concrete columns were tested to failure.
Of these, 154 were tested dynamically and 51 statically; 103 were tested with concentric loads on rigid foundations, 22 were tested concentrically on rubber supports, and 80 were tested with load eccentric-ities v:uying from % to 5 in. Twenty-one additional columns were discarded due to imperfections in casting or testing.
The size of the test columns was governed by the capacity of the available dynamic testing machine, which delivers a maximum load of 300 kips. All columns had a 5 x 5 in. cross section, and most were reinforced with four #4 reinforcing bars, either spirally reinforced or laterally tied with #2 undeformed rods, giving a total percentage of TWO i" ¢ BOLTS AT 3f" C. TO C. A 1:3.3:3.3 concrete mix was used, with 7% gal of water per sack of cement (94 lb) and a 2-in. slump. Type III high early strength cement was used. The fine aggregate was a medium sand, average fineness modulus 2.70, and the coarse aggregate was a pea stone gravel, 1/4 in. maximum size. Specimens were cast horizontally in steel forms and vibrated. Three 6 x 12-in. cylinders were cast for each column, and the average static ultimate compressive strength fa' determined when the column was tested. The concrete cylinder strengths varied from 2130 psi to 5550 psi, with an average for all tests of about 3450 psi. Two %-in. bolts were cast in the end of each specimen for mounting in the support frame. Fig.  1 shows details of the column construction.
To simulate, in an approximate fashion, the action of columns resting on compressible soils, 22 columns were tested on rubber supports of 1 and :Y4 in. thickness. The stress-strain curve for this rubber is nonlinear but elastic. These rubber pads were inserted between the reaction head and the reaction load cell. Table 1 indicates the distribution of the experimental columns. Details of the testing apparatus and instrumentation may be found in References 6, 7, and 8.
TEST RESULTS
Each column tested was instrumented to measure ·applied load, longitudinal and lateral support reactions, longitudinal acceleration, longitudinal and lateral deflections, and strains in the reinforcing steel and on the concrete surface at various points on the column. These data are quite extensive and may be found in References 6, 7, and 8. For brevity, this paper will deal only with the ultimate strength of the columns.
Dynamic increase in strength
To compare the tested columns, which had varying concrete strengths, it is necessary to take some strength parameter as a reference. The 1eference strength taken here will be the static ultimate strength com- 
For eccentrically loaded columns controll€d by compression:
in which
As' fy total depth of the section bt fc'
. (4) eccentricity of the axial load measured from the center line of the section *The use of the coefficient 0.85 is somewhat questionable, since all the specimens were cast horizontally. See the recommendation by Brorns and Viest.'" No consideration of the length effect (buckling) is made in the above equations.
Dividing the experimental ultimate load P. by the ACI static ultimate load Po or Pu approximately compensates for the variation in concrete strengths so that all the specimens may be compared. Fig. 2 shows this ratio for all the experimental columns, both slowly and rapidly loaded. The rise time of the load is defined to be the time between the commencement of the load and the ultimate load. The rise time for the static tests is about 3 min.
Mean experimental results are summarized in eccentric columns are much stronger than the shorter eccentric columns. Fig. 2 indicates that the average rise time of all the dynamic tests was about 30 millisec. However, the longitudinal elastic natural period of the columns varied from about 0.4 millisec for the shortest specimens to about 4.0 millisec for the longest. This .suggests that longitudinal inertial forces were negligible for the testing speeds attained. This is corroborated by longitudinal accelerometer measurements, which indicated less than 6 g. (transverse accelerations were not measured). Accordingly, variations in rise time shown in Fig. 2 are not considered significant since the concrete strength varies only slightly with the logarithm of strain rate. 1 · 5 If the strain rate is taken as the ultimate strain, approximately 0.0038 in. per in., divided by the rise time, then the strain rates observed varied from 0.25 in. per in. per sec to 0.038 in. per in. per sec, with a mean of 0.125 in. per in. per sec.
To evaluate the dynamic effect from the experiments alone, the average dynamic strength of each group given in Tabre 1 was divided by the average experimental static strength for that group. This ratio is denoted the dynamic increase factor, and is displayed graphically in Fig. 3 . The average DIF is about 1.29· for the concentric columns and 1.36 for the eccentric columns. The extremely high value for the long eccentrically loaded columns (Group Z) is immediately obviou.s. A possible explanation for this difference is the occurrence of large lateral accelerations, which would dissipate energy in transverse vibration. (6) in which fdc is the dynamic concrete strength corresponding to the design strain rate; fdv is the dynamic yield stress of the reinforcing steel corresponding to the design strain rate. The dynamic strengths fdc and fdv may be obtained, for example, from the approximate curves given in Reference 5.
For eccentric columns controlled by tension, Eq. (3) becomes:
where m'= Finally, for eccentric columns becomes: ( 4) ····························· .... (8) Fig. 4 plots the results of the static and dynamic tests of concentric columns on rigid supports against the predicted ultimate loads from Eq. (1), for static tests, and Eq. (6), for dynamic tests. For the strain rates obtained experimentally, the graphs by Norris, et al. ' ' give the same dynamic increase factor, 1.3, as the average of the concentric experimental tests. This further indicates that there are no significant inertial forces, and that Eq. (6) may be used to design concentric, dynamically loaded columns. Tests indicated no difference in dynamic ultimate load between columns of L/t = 25 with lateral supports at midlength and identical columns without such supports. From this may be drawn the tentative conclusion that, while the statically loaded long columns may buckle, those dynamically loaded are not adversely affected by the slenderness ratio, possibly due to the increasing inertial resistance. (9) in which K is an empirical factor reflecting the increase in strength due to the flexibility of the elastic foundation. This K is about 1.0 for the lf4 in. rubber pad and about 1.1 for the l-in. pad. of inertial forces which act to increase the strength of the columns when loaded dynamically.
CONCLUSIONS
From the results of the static and dynamic tests performed, the following conclusions may be drawn. These conclusions are, however, restricted to columns and loadings simHar to those obtained experimentally.
1. The ultimate load of the short, statically loaded columns is predicted very well, on the average, by the ACI ultimate strength design equations.
2. The static ultimate strength of long columns (L/t = 15 to 25) is reduced approximately as given by the ACI Code reduction formula.
3. The short columns loaded dynamically are 30 to 40 percent stronger than similar columns loaded statically.
4. Columns on elastic foundations, such as rubber or soil, are stronger when loaded dynamically than similar columns on rigid supports.
5. The ultimate strength of short dynamically loaded columns, whether concentric or eccentric, may be computed from the ACI equaUons modified for the strength increase of the materials due to strain rate. This statement applies only for the tested strain rates, up to about 0.25 in. per in. per sec., for which the inertial forces ,are small.
6. Long dynamically loaded eccentric columns are considerably stronger than the ultimate loads predicted by even the modified ACI equations with no reduction for slenderness ratio, due to the inertial forces present. 
Sinopsis-Resumes-Zusammenfassung Ensayos Dincimicos de Columnas de Concreto Refor:z:ado
Se realizaron ensayos con cargas estiiticas y dinamicas hasta la rotura en 205 columnas reforzadas y sin reforzar con esbelteces L/t entre 3 y 25; las cargas fueron tambien condmtricas y excentricas.
En general, los resultados de estos ensayos se comparan favorablemente con los obtenidos por las formulas para columnas del ACI, excepto para columnas muy largas (L/t = 25), si las resistencias estaticas del concreto y del acero son reemplazadas por las resistencias dinamicas correspondientes las cuales dependen de la raz6n de aplicaci6n de la carga. Los resultados indican que, para cargas similares a equellas obtenidas experimentalmente, las columnas con cargas dinamicas son cerca de 30 a 40 porciento mas resistentes que las columnas correspondientes cargadas estaticamente, y que los efectos de todas las fuerzas de inercia son despreciables, excepto para columnas muy esbeltas (L/t = 25), las cuales son 70-100 porciento mas resistentes cuando son ensayadas con cargas dinamicas que cuando lo son con cargas estaticas.
Epreuves Dynamiques sur Colonnes en Beton Armee
On a fait des epreuves statiques et dynamiques jusqu'a la rupture sur 205 .-• eolonnes, avec et sans armature, ayant des raisons de sveltesse (L/t) de 3 a 25, sous charges excentriques et concentriques.
En general, les resultats de ces epreuves comparent assez bien avec les formules de colonnes ACI, a l'exception des colonnes longues (L/t = 25), si les resistances statiques sont remplacees par des resistances dynamiques qui dependent des vitesses de chargement. Les resultats indiquent que, pour les charges comparables a celles obtenues par experimentation, les colonnes dynamiques ont une resistance de 30 a 40 pour cent plus grande que celles chargees statiquement, et que les effets de toutes forces d'inertie sont negligibles, sauf que dans les colonnes tres sveltes (L/t = 25) qui ont une resistance de 70 a 100 pour cent plus grande quand elles sont epreuvees dynamiquement que quand elles le sont sous charges statiques. 
Dynamische Versuche an Stahlbetonsaulen

